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ABSRACT
The Effects of an Injury Prevention Program in an Aquatic Environment on Landing Technique
Samantha E. Scarneo, University of Connecticut
Context: Musculoskeletal and anterior cruciate ligament (ACL) injuries have accounted for a
majority of sports and recreational related injuries and are of major concern to the physically
active population. Injury prevention programs (IPP) have proven to improve landing technique,
decreasing vertical ground reaction forces (VGRF) resulting in injury risk reduction. Injury
prevention programs in an aquatic-based environment may potentially elicit the same
improvements as land-based programs. Objective: To examine the effects of a six week aquaticbased IPP on Landing Error Scoring System scores and VGRF. Design and Setting: All
participants completed an aquatic-based IPP three times a week for six weeks in the pool.
Participants: Participants were females, 163 centimeters or taller, able to swim, no LE injuries,
and were screened to have poor landing technique (LESS-RT of 4 or more). Main Outcome
Measures: Pre- and Post- test procedures including measuring landing technique was measured
using the Landing Error Scoring System and VGRF. Pre-test procedures were completed prior to
program implementation. Post-test procedures were completed following completion of the
program. Participants also completed an open-ended questionnaire to obtain qualitative date
pertaining to factors to facilitate adherence and compliance. Results: We observed that the
aquatic-based injury prevention program significantly reduced both LESS scores (P=0.004) and
left (P<0.001) and right (P<0.001) peak vertical ground reaction forces. In addition, participants
increased the time to peak VGRF for the left limb after completing the program (P<0.001).
Conclusions: Results indicated the aquatic-based injury prevention program improved landing
technique as evident by the LESS and VGRF.
Key Words: Injury prevention program, aquatic-based environment, vertical ground reaction
forces, landing error scoring system, anterior cruciate ligament, ACL
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Review of the Literature
Impact of Sports Injury
An estimated 6.8 million injuries occur during sport and recreational activity each year.1
Of these 6.8 million injuries, a study by Conn et al. estimates 42% of them did not seek
emergency care from a hospital’s emergency room, indicating these injuries were seen by an
orthopedic doctor, sports medicine doctor, or other health care professional.1,2 This same study
estimated that 10.7% of all injury related emergency room department visits were for sports
related injuries.1,3 In addition, recent data from injuries in North Carolina high school athletes
suggest that the medical, human capital and total economic costs per year were $940,608, $4.2
million and, 13.7 million, respectively.2 This translates into an estimated national expense of
$9.9 million in medical costs, $44.7 million in human capital costs, and $144.6 million in
comprehensive costs.2 With health care costs on the rise, it is critical now more than ever that
health-care professionals, along with patients, begin thinking of ways to decrease these costs by
reducing injury rates because they are an economic burden and a public health issue.
Sports related injuries have also accounted for missed work time resulting in decreased
man power, lost revenue for both the company and the individual, and possibly long term health
complications, such as osteoarthritis. It is estimated that approximately 25% of working adults
lost one or more work days due to the injury event.1 In addition to work time loss, sports related
injuries have also resulted in 20% of school children missing one or more school days due to
their injury.1 This extent of lost activity emphasizes the burden that sports and recreational
injuries place on our society across age groups and our health care system.1
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Anterior Cruciate Ligament
Anterior cruciate ligament (ACL) disruption injuries have accounted for a large amount
of sports and recreational related injuries and are one of the most devastating musculoskeletal
injuries. It is estimated that each year between 75,000 to over 250,000 individuals in the United
States will suffer a new injury to the ACL.4 Injury rates are estimated as high as 2.8 and 3.2 per
10,000 athlete exposures in women’s collegiate basketball and soccer, respectively.5 In addition,
recent estimates suggest that approximately 3 million dollars are spent annually on medical care
associated with ACL injuries in the United States.4,6 These costs are in addition to loss of seasons
of sports participation, decreased scholarship funding, lower academic performance, loss of time
at work, long term disabilities, psychological impacts, socioeconomic impacts and a significantly
increased risk of knee osteoarthritis.
ACL Reconstruction
ACL reconstructive surgery has come a long way since the year 2000. Approximately
90% of all ACL reconstruction patients achieve a successful surgical outcome in terms of
impairment-based measures of knee function, and 85% achieve a successful outcome in terms of
activity-based measures.7 Despite these optimistic long-term measures, these patients are
typically limited in their day to day activities, especially sports and recreational activities. The
poor long-term prognosis which accompanies an ACL injury can result in diminished quality of
life and inability to compete at levels prior to injury.
To an athlete, an ACL injury can be a career-threatening, if not a career-ending injury. A
meta-analysis by Ardern et al.7, discovered the return to any sports participation was 82%, and
return to pre-injury level of sports participation was 63% in athletes following ACL
reconstruction surgery. Rehabilitation time after ACL reconstructive surgery can range anywhere
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from 6 to 36 months. Arden et al. reported a mean time between surgery and resumption of sport
of 7.3 months.7 However, another study by Brophy et al.8 discovered that the mean return to
soccer timeframe is closer to 12 months following ACL reconstructive surgery. When looking at
long-term follow-up studies, the aforementioned researchers also discovered only 35% of soccer
players who underwent ACL reconstruction were still playing the sport.8 Of those athletes who
were still playing, only 46% were still playing at the same or higher level of play as before their
injury.8 As displayed by the evidence mentioned, ACL injuries result in a prolonged return to
play time frame and decreased level of play, therefore injury prevention is critical.
Re-Injury Rates
Along with the devastation following an ACL injury, comes the risk of re-rupturing the
ACL graft, or the opposite ACL, after the first reconstructive surgery. Paterno et al.9 report that
athletes who undergo an ACL reconstruction surgery were 15 times more likely to sustain an
ACL injury than a subject with no history of an ACL injury.9 Recent investigations have also
reported a re-injury rate as high as 10% of individuals who tear their ACL experience a recurrent
injury to either the ipsilateral or contralateral side.10-12 Paterno et al.9 discovered that ACL reinjuries are more prone to occur on the contralateral knee rather than the ipsilateral and females
are 4 times more likely to sustain a second ACL injury when compared to males. Consequently,
secondary ACL injury prevention is critical to ensure there is no risk of re-injury.
Due to the high re-injury rate, large health care costs, and long term prognosis for other
associated orthopedic injuries, investigators have found an interest in what biomechanical and
neuromuscular factors play a role in this greater risk of subsequent injury. Factors such as
increased vertical ground reaction forces and loading rate on the uninvolved limb during landing
have been found present following an ACL reconstruction.13 Furthermore, an additional study by
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Paterno et al.14 evaluated the biomechanical and neuromuscular variables during the landing
phase of a vertical jump. The findings of this study indicate that net hip rotation moment
impulse, frontal plane knee range of motion during landing, asymmetries in sagittal plane knee
moments at initial contact and postural stability are collectively a strong predictor of a second
ACL injury following initial ACL reconstruction.14 Because of the high incidence of injury and
re-injury, research indicates injury prevention interventions to be part of the key to avoid repeat
injuries and possibly the development of osteoarthritis.
Osteoarthritis
An estimated 10% of the American population is diagnosed with osteoarthritis (OA).15,16
After an ACL injury, individuals have an increased risk of developing knee osteoarthritis within
10-15 years.17-20 ACL insufficiency leads to changes in kinematics and biomechanics in the knee
resulting in altered movement patterns and leaving individuals more susceptible to OA. 21-23 In
addition to ACL injuries, meniscal injury, bone bruises, and a variety of other injuries can also
lead to altered gait. Alterations in gait result in modifications in weight-bearing loads of the knee
joint which may lead to degenerative changes. OA development in injured joints is caused by
intra-articular pathogenic processes initiated at the time of the injury combined with these long
term changes in dynamic joint loading.24 Additional critical variables including sex, age,
genetics, obesity, muscle strength, activity level and re-injury are also associated with outcome.
Researchers have shown as much as 60%-90% increased chance of OA developing in patients
after ACL surgery and the highest incidence in patients returning to sports.25,26 Lohmander et
al.18,24 investigated female soccer players and found that 82% had radiographic signs of
osteoarthritis, but that the procedure of ACL reconstruction did not have any significant
influence on knee symptoms. A similar study by von Porat et al.,20 reported that degenerative
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joint disease may be associated with the ACL procedure itself and not the injury. However,
Hoffelner et. al.27 investigated the prevalence of OA in ACL reconstructive patients. They found
that there was no increased risk in the development of OA in the long-term after ACL
replacement when compared with their contralateral knee. This finding could mean that an ACL
disruption itself results in increased risk of OA and that ACL reconstruction does not increase
the risk further. As seen by the preceding studies, the risk of OA in ACL injured patients needs
further examination. There are conflicting results of the injury directly results in the onset of OA
and how the correlation appears. An ACL injury increases an individual’s risk of OA due to the
altered biomechanics and kinematics of the knee over the long term.
Mechanism of Injury/Etiology
Recent research suggests that biomechanics and poor kinematics of the lower extremities
are a major risk factor causing the high amount of ACL injuries. However, there is very limited
research available on the definitive mechanism of injury of an anterior cruciate ligament rupture.
A prospective study by Hewett et al.28 found that in 205 athletes in the high-risk sports of soccer,
basketball and volleyball, only nine of them had confirmed anterior cruciate ligament rupture.
These athletes presented with 2.5 times greater knee abduction moments and 20% higher ground
reaction forces. Furthermore, stance time was 16% shorter than those uninjured resulting in
increased motion, force and moments occurred sooner. 28 The researchers also provide evidence
that athletes with increased dynamic valgus and high abduction loads are at an increased risk of
anterior cruciate ligament injury. Although the findings in this study have the possibility of
suggesting the possible mechanism of injury, a sample size of only nine creates a gray area in
this research section. However, the methods used in this study have been developed to monitor
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neuromuscular control of the knee joint and may help develop controlled, targeted intervention
programs to correct these abnormalities.28
Although there is a paucity in the literature of the mechanism of injury for ACL injuries,
several investigators have analyzed video of ACL injuries for the specific mechanism per that
sport or event. Evidence shows that approximately 70% of all ACL injuries are the result of a
non-contact mechanism of injury. This non-contact mechanism typically occurs as an individual
is planting, cutting or performing a jump.29-31 Two of the main injury mechanisms for ACL
disruption injuries in team handball were a plant-and-cut movement along with a one-legged
jump shot landing. Both of these mechanisms occurred with forceful valgus collapse along with
the knee close to full extension combined with external or internal rotation of the tibia.31 Further
studies investigated the mechanism of injury in basketball players. These findings suggest that
female players land with significantly less knee and hip flexion and have a 5.3 times higher
relative risk of sustaining a valgus collapse when compared to their male counterparts.32 Boden
et al.29,33 explored the position of the hip and ankle during noncontact ACL injuries. Upon
conclusion of the study it was found that initial ground contact with flatfoot or hindfoot along
with knee abduction and increased hip flexion may be risk factors for ACL injuries.33 The
findings in these areas suggest that preventative programs could be initiated to enhance knee
control and focus on avoiding valgus motion.
Altered biomechanics and kinematics play a role in these non-contact mechanisms of
injury resulting in anterior cruciate ligament disruption. The most provocative position which
yields the greatest ACL load comes when there is anterior tibial shear, knee valgus, and tibial
rotation.34 Further, investigators have discovered that external tibial rotation (body rotating
internally) reported a higher incidence of injury.29 The position of no return means when the
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body is positioned this way, the ACL will be compromised in some way. This position is femoral
internal rotation and adduction, quadriceps dominant, knee valgus, and the tibia in external
rotation.35 A study by Boden et al.29 revealed that a fixed foot and deceleration are also important
components present within an ACL injury.
Risk Factors
Non-Modifiable
Several risk factors have been identified as being present in individuals who tear their
ACL as mentioned above. These risk factors can be non-modifiable or modifiable. Nonmodifiable risk factors include sex, hormones, femoral notch width, age, eminence width, and
generalized joint laxity. Additional non-modifiable risk factors can include playing surface and
shoe ware. A study by Uhorchak et al.36 reported 24 ACL tears in 859 West Point Cadets and
prospectively looked at the commonalities amongst the injured with regards to non-modifiable
risk factors. The findings from these studies suggest that an increased eminence width and size of
the femoral notch and generalized joint laxity are among the most significant risk factors for
noncontact ACL injury observed in men.36 Women were identified with several factors including
narrow femoral notch, greater than normal laxity and an increased BMI (a modifiable risk –
factor).
Modifiable
Modifiable risk factors are able to be corrected (modified) to decrease the risk of injury to
a patient. These factors include body mass index (BMI), strength, and movement biomechanics.
Body Weight Index
Body weight and body mass index (BMI) can be defined as either modifiable or nonmodifiable. There is no conclusive evidence linking BMI to a genetic trait, in which case an
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individual would not be able to change his or her BMI based on heredity. In a study by Uhorchak
et al.36 investigators discovered significant main effects for ACL injury with respect to body
weight and BMI as risk factors. It was discovered that females who had a BMI one standard
deviation above the mean, were at a 3.5 times greater risk than that of women with a lower
BMI.36 The explanation of the link between BMI and noncontact ACL injuries is one to be
speculated. One connection could arise between the BMI and principals of being less fit. Because
of the often inverse relationship existing between BMI and physical fitness, a less fit person may
lack a training history of intense physical activity prior to entrance into a physical environment
(sport, military, etc.).36 While fully developed motor programs may lead to increased
neuromuscular control, it is hypothesized less fit individuals are not able to fully develop the
motor programs necessary for the type and level of activity they were participating in.37 Without
fully developed motor programs, individuals could have increased risk factors off the bat with
neuromuscular control problems and biomechanical errors.36
Strength
When an individual is walking, their body impacts the ground and the ground impacts the
body back with 2 to 3 times the person’s body mass. When the individual is running, cutting,
jumping, pivoting, etc. the forces can be magnified multiple times. These forces will always be
greater than the individual’s body mass, but with increased strength and motor control, it is
thought that individuals can react to the forces and reduce their risk of injury. For example,
contraction of the quadriceps at 0-45° of knee flexion has shown to increase the strain on the
ACL. This is because the quadriceps group is an antagonist of the ACL.38 Schoemaker et al.39
showed that the quadriceps force at 20-25° of knee flexion demonstrates the greatest amount of
anterior tibial displacement. Other investigators reported the highest amount of anterior tibial
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displacement between 0-30° of knee flexion.40,41 In addition, researchers discovered that
eccentric contracting display higher forces than either concentric or isometric contractions by up
to 50%.42 Therefore, activities such as landing from a jump and deceleration require an eccentric
force to resist further knee flexion.29 When an athlete’s hamstring complex is weak, the
hamstrings cannot combat the strength of the quadriceps muscle group resulting in an eccentric
force high enough to disrupt the integrity of the ACL. This is an example of a muscular
imbalance risk factor that can be solved through strength training of specific muscle groups.
Movement Biomechanics
Over 70% of all patients who experience an ACL disruption have a non-contact
mechanism of injury.29,43 Furthermore, the rate of non-contact ACL injury is more than 3 times
higher in adult females compared to their male counterparts.44,45 Several investigators have found
an increased risk of lower extremity injury associated with specific landing techniques from a
jump.46-51 A prospective cohort study reported that women who displayed increased knee valgus
angle and increased external knee valgus movements during a drop-landing task were at greater
risk for ACL injury.28,52 Specific movement patterns are associated with injury because they are
known to influence the load and deformational forces on ligaments, meniscus/cartilage, and
bone.29,34,38,46,53 Examples of these movement patterns are landing stiffly without absorbing the
force, or landing with excessive medial knee displacement and/or increased knee/hip
rotation.18,54,55 Potential risk factors are present within the sagittal, frontal and transverse planes.
These risk factors include decreased knee flexion, increased anterior tibial shear force, decreased
hip internal rotation angle, and increased knee internal rotation angle during dynamic
activities.56-61 Lower extremity movement patterns influence the load and deformational forces
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on ligaments.59,62-66 These movement patterns are important and modifiable factors that may
influence the risk of ACL and other lower extremity injuries.
Sagittal Plane
Females who have sustained ACL injuries have also demonstrated a 10.5 less knee
flexion angle at landing when compared to the non-injured individuals.28 Knee flexion angle
greatly influences the ACL loading. This is due to the quadriceps contractions at low knee
flexion angles (0-30) can generate significant anterior tibial shear forces that facilitate high
levels of ACL loading.30,38,67 Knee biomechanics are not the only confounder of ACL ruptures.
The biomechanics of the ankle joint when landing from a jump are also involved when looking at
the risk factors of an individual for an ACL tear. Boden et al.33 demonstrated patients who
experienced an ACL rupture showed landing with the hindfoot or with footflat upon initial
contact. Participants in the study who had not ruptured their ACL landed on their forefoot. These
athletes who landed on their hindfoot or foot flat also demonstrated significantly less plantar
flexion when compared to the uninjured athletes.33 The position of the foot and ankle reduces the
ability of the gastrocnemius and soleus muscles to absorb the ground reaction forces. In addition,
the amount of time the calf muscles have to absorb the GRF can also disrupt the integrity of the
ACL. It was also shown in the study by Boden et al.33 that athlete’s with an ACL rupture reached
flatfoot position 50% sooner when compared to non-injured athletes. This reveal’s that this
shorter time frame resulting in less time for the muscles of the calf to absorb GRF can increase
the strain on the ACL thus leading to a rupture.
Patients who experience an ACL disruption have also presented with significantly higher
hip flexion angles at initial contact. Because of this increased flexion, the torso of the body is
placed posterior to the knee resulting in an increased hip flexion and knee extension torque to
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stabilize the torso when landing.33 This increased torque relays to an increased strain on the ACL
ligament thus leading towards injury.
Frontal Plane
One of the key predictors of ACL injury in females appears to be an increased valgus
motion and valgus moments at the knee during the impact phase of jump-landing tasks.28
Females who have sustained ACL injuries have demonstrated an 8.4 greater knee abduction
angle at initial ground contact and 7.6 greater at maximum when compared to the non-injured
knee.28
Transverse Plane
Numerous studies have reported higher ACL strains during tibial internal rotation.34,68,69
Myer et al.70 discovered high compressive or internal torsional loads can cause ACL damage
without damage (or minimal damage) to other internal knee structures. However, Boden et al.71
discovered a higher incidence of external tibial rotation as a common mechanism of injury.
When tibial rotation and knee valgus are in combination with each other or with anterior tibial
shear force, the amount of ACL load is greatly magnified.34,62,66,72
Beiser et al.73 utilized motion analyses to investigate anticipated versus unanticipated
cutting maneuvers affected external loads on the knee joint. The researchers identified flexion
and extension moments at the knee were similar in both conditions. However, valgus/varus and
internal/external rotation moments during unanticipated cutting tasks had up to twice the
magnitude of moments as compared to anticipated maneuvers.73
Vertical Ground Reaction Force
Evidence has been identified to relate vertical ground reaction forces to having a
significant influence on injury risk. Ground reaction forces (GRF) can differentiate high risk and

16

low risk individuals. Large amounts of ACL deformation occur during the combined loading
state of tibial rotation and knee valgus.34,38 Due to this, lower-extremity rotation and knee valgus
during cutting and jumping maneuvers are known to generate extreme loads within the ACL.74-77
When abducted, valgus orientated, greater forces are placed on the lateral aspect rather than the
medial aspect of the knee. This increases the compressive forces on the lateral aspect possibly
resulting in greater rotation of the joint. These improper biomechanics of individuals when
landing from a jump can result in higher ground reaction forces, which have been shown to have
an association with increased lower extremity injury risk. These increased knee abduction angles
have been directly correlated with peak vertical ground reaction force (GRF). Increased knee
abduction and GRF were observed in ACL-injured participants but not in uninjured athletes.28
The findings in the Hewett et. al28 study demonstrate that athletes with an increased valgus
motion and valgus moment at the knee joint during the impact phase of a jump-landing task are
at an increased risk for ACL injury.
Landing Error Scoring System (LESS)
It is estimated that as high as 82% of all ACL tears are due to a non-contact mechanism
relatable to poor biomechanics.43 To identify these individuals at high risk for ACL injury it is
necessary to have a standardized tool for detecting the presence of multiple high-risk movement
patterns. The Landing Error Scoring System (LESS) is an inexpensive clinical assessment tool
that identifies potentially high risk movement patterns during a jump-landing maneuver. The
LESS incorporates a multiplanar biomechanical analysis assessment which is more
comprehensive than the previous clinical assessments of poor jump-landing biomechanics.59,60,7880

This system is based on a 22 point scale that assesses lower extremity and trunk position at

the point of initial contact with the ground, maximum flexion and overall fluidity and range of
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motion. A higher LESS indicates poor landing technique with a higher risk of injury, while a
lower LESS score indicates good landing technique and a corresponding lower risk of injury.
The LESS was tested on incoming freshmen in the United States Military Academies versus the
gold standard, two motion analysis systems. The results of the study demonstrated that the LESS
significantly distinguished between groups on a range of jump-landing biomechanics that have
previously been shown to be related to ACL loading and injury mechanisms. The study also
identified that woman who have a higher risk of ACL injury when compared to men when
performing the same activities were more likely to score in the poor LESS score group.44,52 This
study showed that the LESS is a valid and reliable tool for the identification of subjects with
landing errors in multiple planes.22 The researchers showed good-to-excellent interrater and
intrarater reliability for the LESS.22 In addition, a study by Onate et al .81 discovered the LESS
showed excellent expert versus novice rater reliability and moderate to excellent idem validity in
assessing a drop landing task.
The LESS assessment tool allows investigators to evaluate landing technique and
biomechanics and identify areas of weakness in these individuals. Increased knee valgus,
decreased plantar flexion, exaggerated internal or external tibia rotation, and hip flexion upon
landing from a jump are all factors present when individuals have poor landing technique.
Individuals deemed to have poor landing technique increase their risk of injury to the anterior
cruciate ligament.82 Fortunately, these factors can be positively influenced through interventions
like injury prevention programs.83,84
Injury Prevention Program (IPP)
Due to the astronomical amount of injury occurrences and billions of dollars of ACL
injury related costs in the United States each year, it is apparent that injury prevention is needed
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amongst our communities. Injury prevention programs have shown large benefits in decreasing
injury risk factors specifically reducing injury risk to the ACL and other parts of the lower
extremities.29,35 Preventive exercise interventions that successfully alter movement patterns
though decreasing knee valgus, minimizing rotation, and increasing knee flexion have
tremendous potential to reduce the risk of ACL and lower-extremity injury during sport and
recreational activities. These programs are believed to be effective in improving biomechanical
and neuromuscular characteristics during functional tasks, such as movement patterns during
jumping, landing and cutting maneuvers therefore resulting in decreased injury rates.49,85-88
Effects of IPP’s Warm-ups on Injury Rates
Recent research on the effects injury prevention programs on injury rates have
established that individuals who undergo an IPP demonstrate lower injury rates than in
controlled individuals.89-93 Specifically, in a study of 1435 athletes the overall ACL injury rate
among intervention athletes was 1.7 times less than in control athletes.89 Non-contact ACL
injuries for individuals in the training program were 0.04 per 1000 athlete exposures and 0.14
injuries per 1000 athlete exposures in the control group. Furthermore, non-contact anterior
cruciate ligament injury rate among intervention athletes was 3.3 times less than in control and
no ACL injuries occurred in the intervention group versus 6 among control athletes.89 Walden et
al.94 found similar results with an injury prevention program demonstrating a 64% reduction of
injury rate of the ACL in the intervention group compared to a control group. The results of this
study discovered the risk of ACL injuries in practice and the second half of the season are
significantly reduced to any other environment or time point.89
An additional study by Mandelbaum et al.90 implemented a sports-specific IPP
intervention with female athletes and found an 88% decrease in ACL injury the first year and a
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74% decrease in ACL injury in the second year of the program. This same study identified
individuals who completed a neuromuscular training program demonstrated 0.05 ACL injuries
per 1000 athlete exposures compared to .47 ACL injuries per 1000 athlete exposures in a control
group.90 An additional study by LaBella et al.92 found a non-contact ACL injury rate of .03
injuries per 1000 athlete exposures compared to .217 injuries per 1000 athlete exposures. In
summary, the implementation of an alternative warm-up program consisting of specific
neuromuscular and proprioception training techniques have been evaluated to decrease the risk
of injury. These injury prevention programs must involve both verbal and physical feedback in
order to correct poor landing technique.
IPPs on Modifying Injury Risk Factors
The aim of IPPs are to reduce injury rates through positively modifying injury risk
factors. Several studies have identified the effects of an IPP on different injury risk factors. For
example, a study by Lim et al.95 explored knee flexion angles, dynamic knee torque and
quadriceps-to-hamstrings ratios in female high school basketball players. The results from this
study found significant increases in hip abductor, hip extensor and knee flexor strength as well as
a significant improvement in the quadriceps-to-hamstring ratio.95 Furthermore, a study by Holm
et al.96 found an IPP to significantly improve dynamic balance which plays a key role in knee
joint dynamic stability and landing stiffness.
Additionally, Chappell et al.97 examined the use of the Kerlan-Jobe Orthopedic Clinic
Modified Neuromuscular Training program on the effect of knee kinetics and kinematics during
stop-jump and drop-jump landing tasks. Results from this study demonstrated that athletes
presented with a decreased valgus moment during the stop-jump task and an increase in
maximum knee flexion during drop-jump task. Similarly, DiStefano et. al.30 found similar results
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following examination of athletes landing technique prior to and following an injury prevention
program. A significant decrease in landing errors was seen after the IPP and athletes with higher
scores at the beginning of the season showed the greatest amount of improvement.30 Results
from these studies indicate that neuromuscular training through injury prevention program
warm-ups can positively modify risk factors for athletes.
IPPs on LESS Scores
One of the main evaluation tools on the effectiveness of IPPs is the Landing Error
Scoring System, described previously. Injury prevention programs are aimed at correcting
biomechanical risk factors for lower extremity injury and the LESS objectively measures these
outcomes. A study by DiStefano et al.30 found that following an injury prevention program,
LESS scores improved. When evaluating 173 youth soccer players from 23 teams, the
researchers found that the players with the greatest amount of movement errors experienced the
most improvement. This finding establishes that a program designed to change specific
movements may enhance the effectiveness in the at-risk population, or the highest baseline LESS
scores, and thus this population should be targeted.30
Augmented Feedback
Feedback has been an integral part of the ACL injury prevention program. Several
investigators have examined the use of augmented feedback and its effects on jump landing
forces.51,98,99 Verbal feedback refers to verbal cues from a program implementer to a subject or
athlete instructing them to “land softly”, “knees over toes”, “ get your butt back”, “bend your
knees and hips”, etc. These cues have been studied extensively by investigators who have found
that subjects in the augmented feedback group have significantly reduced their peak ground
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reaction force.82 In a single session, subjects can assimilate instructions on how to jump and land
properly, resulting in lower vertical ground reaction forces.
Effects on Vertical GRF
Ground reaction forces during athletic tasks influence the magnitude of anterior tibial
shear by affecting knee flexion/extension moments. There is strong evidence to indicate that
vertical GRF can be reduced with proper instruction on jumping and landing technique through
IPPs.49,100,101 A systematic review of the literature by Padua et. al.102 illustrated that with proper
technique instruction and trained professional supervision and feedback, vertical GRF can be
decreased significantly. Studies illustrate that IPPs are able to manipulate an increase in knee
flexion therefore resulting in a decrease in vertical GRF. This review demonstrates moderate
scientific evidence to prove that integrated programs of instruction and feedback, balance,
plyometric, and strengthening can improve sagittal plane knee biomechanics leading to
decreased vertical GRF.102
Components of the IPP
A systematic review of the published literature of exercise injury prevention programs to
decrease ACL injury risk has demonstrated moderate evidence supporting the use of specialized
programs to decrease this risk.30,103 Injury prevention programs are designed to influence the
motor control of lower extremity muscles. Motor learning theory indicates that learning a new
skill (i.e. movement pattern) should be accompanied by relatively permanent changes in the
performance of the task.90 For example, it has been shown that preparatory adductor activity and
adductor-to-abductor co-activation represent pre-programmed motor strategies learned during
these prevention programs.104
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The programs in this review included proprioception-balance exercises and/or
plyometric-agility exercises. Proprioception-balance training programs are designed to improve
coordination and balance by balancing on one leg, balancing on an unstable platform, balancing
while tossing a ball, amongst a long list of other tasks. Plyometric-agility programs incorporate
dynamic tasks such as cutting, pivoting, line jumping and additional similar tasks. A study by
Pfile et al.45 showed that a plyometric training program produced kinematic and kinetic changes
at the knee joint only, whereas the core stability group demonstrated changes at both the hip and
knee joints. In both cases, these programs are designed to improve neuromuscular and
biomechanical tasks thus decreasing the risk of injury.
However, it seems the most successful ACL injury-prevention programs incorporate
proprioception-balance, plyometric-agility, strength, flexibility and also provide verbal feedback
to promote proper technique and injury risk awareness above performance.30,103 These
comprehensive programs have been shown to improve knee flexion, knee valgus and hip motion
immediately following an exercise-based injury prevention program.
Compliance
One of the more difficult challenges facing injury prevention programs and rehabilitation
in general is compliance with the prescribed treatment plan.105 In most cases, athletes have
difficulty buying into the injury prevention program and under comply, or fail to commit all
together. Injury prevention programs have demonstrated success in the ability to positively
modify risk factors and decrease ACL injury rates through adherence and compliance to daily
warm-up programs. A study by Soligard et al.106 found that athletes with the highest rate of
compliance had the corresponding lowest rate of injury. However, this study also saw a drop in
compliance rates as the season progressed. Studies have identified several factors causing
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coaches to have poor compliance of their team’s athletes. The top three factors include programs
being too time consuming, players finding the drills too difficult, and too many sets and
repetitions for young players to complete.106,107
Researchers have also identified goal setting, imagery, relaxation, and self-talk as tools to
aid in increased rehabilitation compliance and effectiveness.108-110 Goal setting involves creating
a “goal window” in order to involve the athlete in the process and to track their progress.111A
second set of psychological skills useful in rehabilitation compliance is the use of relaxation.
Through relaxation techniques, athletes can reduce pain, anxiety, and muscle tension. Relaxation
techniques also provide the ability to control breathing allowing the athlete to gain control over
the situation and aiding in pain relief efforts.111,112
An additional mental aspect of rehabilitation compliance is the use of imagery. Imagery
involves picturing or re-creating an experience in the mind.111 The ability to utilize imagery can
be most beneficial in improving concentration during rehabilitation, leading to an increased
effort during the exercise. A study done by Driediger et al.113found that if athletes are unable to
participate in exercises due to their injury, mental imagery can be used to rehearse sport specific
skills in their minds. Furthermore, the study indicated that the ability to utilize imagery had a
profound effect on the athlete’s rehabilitation plan and the athletes believed that the use of
imagery was a critical aspect in rehabilitating their injury.112 Additionally, imagery provides a
positive outlook, ability to control stressors, improve self-confidence, ability to manage pain, and
the ability to promote healing by imaging injured ligaments or bones repairing themselves. In
injury prevention programs, athletes must use the verbal cues mentioned earlier (knees over toes,
land softly, land shoulder width apart) along with imagery of these cues in order to aid in the
effectiveness of the programs.
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Duration
Injury prevention programs with successful outcomes, such as injury-rate reduction,
improved neuromuscular and motor control or performance, are conducted 2-3 times per week
for 4-6 weeks and last 10-15 minutes at a minimum.19,89,90,99,114-118 Many effective IPPs can be
completed in less than 20 minutes, however a duration of less than 15 minutes per session is
necessary because these programs need to be feasible within a short practice time frames.88,119
Recently, a group of researchers have created the Dynamic Integrated Movement Enhancement
(DIME) program with the goal of developing a program of equal efficacy to proven injury
prevention programs but with duration of less than 15 minutes.30 This program focuses on
balance, agility, and correct form when running, cutting and jumping and has been validated
using a youth soccer population. Their findings demonstrate that both age groups tests improved
their landing patterns following the completion of the DIME program based on an overall
negative LESS total change score.30 The data from this study validate that key markers of
movement based risk factors can be modified using the DIME to reduce subsequent injury risk.
Retention
When evaluating motor skill learning, investigators often base their findings on retention
tests when subjects are re-tested after a time of no longer performing the program. Researchers
have identified an immediate (two minute) and delayed (1 week) performance testing reduction
of ground reaction forces.82 Although there have been immediate improvements in movement
patterns following an exercise-based intervention program, it has been found that these programs
have short-lasting effects and often athletes return to their pre-training levels within 1 year of
discontinued training. There has been slim research in the field of long-term retention of
movement-related changes. As previously stated, in a single session, subjects can assimilate
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instructions on how to jump and land properly, resulting in lower vertical ground reaction
forces.51,82,99,100 Another study by Padua et al.86 compared the retention of improvement from a
three month and a nine month injury prevention program. This study demonstrated that following
the long-term nine month program and a three month detraining period, individuals demonstrated
improved movement quality patterns, measured by the LESS test. The researchers found that
three-month and nine-month injury prevention programs facilitate similar improvements in
technique, but that only the nine-month intervention demonstrated retention of overall movement
techniques in the total LESS score.86
These findings suggest that although acute alterations in movement control are present
following an ACL injury prevention program, they do not necessarily translate into long-term
retention of the biomechanical and neuromuscular changes.86,100,120 Therefore in order to increase
retention rates, we must lengthen the time of treatment, or the length of the IPP. There is the
opportunity to increase the duration of program exposure for high risk individuals (patients after
ACL reconstructions) in an aquatic environment.
Aquatic Based Exercise
One of the biggest uses of IPPs with regards to ACL injury comes in place following an
individual’s first ACL tear. As previously mentioned, the risk of re-injuring the ACL on the
contra- or ipsi-lateral sides is very high and because a majority of ACL injuries occur due to poor
biomechanics, this indicates that the individual or athlete must correct their movement patterns.
Rehabilitation for ACL injuries on land can be prolonged and does not allow much jumping,
landing, or cutting tasks in the first few months. These limitations dictate when the physical
therapist or athletic trainer can begin training individuals on correct biomechanics and therefore
limit the amount of time the injured individual can be working on their correct movement
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technique. However, aquatic-based exercise can be used as a tool for rehabilitation or injury
prevention programs.
Assistive Properties of Water
The buoyancy property of water which allows for a decrease in body weight can be
assistive, supportive or resistive depending upon body and limb position and motion.121
Depending on the amount of the body that is immersed in the water will depend on the amount of
body weight offloaded.
Additionally, increased cardiac output during immersion has shown to increase blood
flow to the skin and muscles of the body resulting in an increase in oxygen availability.122
Studies have identified resting muscle blood flow on land to be a baseline of 1.8 mL/min/100 g
tissue and to increase to 4.1 mL/min/100 g tissue with immersion of the body to the neck. This
increase in blood flow to the muscle results in a significantly increase duration of oxygen
availability to the working muscles.122
The properties of water also allow for increased resistance. The viscosity and density of
water compared to air offers an accommodating resistance, which increases as a square value
when the movement in the water increases.121,123,124 Additionally, viscous resistance increases as
more force is exerted against it.122 The resulting resistance can play a role in strength training
and also provide dynamic stability to individuals improving balance and coordination.
Due to the body’s density being slightly less than water (averaging a specific gravity of 0.974),
the human body displaces a volume of water weighting slightly more than the body. Because of
this, the body gets forced upward by a force equal to the volume of the water displaced, resulting
in decreased joint force.122
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Aquatic VGRF
Aquatic-based environments present with unique properties which allows for the
opportunity for individuals to begin otherwise dangers tasks on land, earlier in the water, safely.
When individuals are immersed in water, a percentage of their body weight is unloaded, resulting
in the reduction of weight bearing impact.125 Performing exercise in shallow water has been
shown to reduce weight bearing impact by 70-75% of one’s body weight but allows contact
forces to occur, depending on the amount of the body that is submurged.126 A study by Alberton
et al.127 in April 2013 found that underwater weight reduction at the xiphoid process depth
demonstrates a 68.8% body weight reduction. However, research on specific aquatic fitness class
type exercises have illustrated no differences in vertical ground reaction forces between exercises
performed at shoulder or navel depths.
As previously mentioned, re-injury rates following an ACL reconstruction are high and
early implementation of injury prevention programs play a key factor in decreasing the risk for
re-injury. When ground reaction forces are increased, the risk of injury increases. However,
studies done in an aquatic environment have shown changes in the magnitude following the
shape of the force-time curve for vertical, anterior-posterior and medio-lateral ground reaction
forces.128,129 Exercises performed in the aquatic environment ranged from 48-63% reduction of
GRF when compared to dry land exercises.128,129 These findings contradict the findings of
Miyoshi et al.130 who found a reduction of approximately 30% of GRF when walking in water as
compared to land. It is possible these findings suggest that different exercises in the water
account for varying differences in GRF. Nonetheless, the results from the aforementioned
studies demonstrate aquatic-based exercises decrease joint stress impact is reduced and therefore
probable reduction in injury risk.
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Aquatic Rehabilitation
The combination of all of the effects of water make aquatic based exercise an ideal
environment for rehabilitation of most injuries. Several studies have identified aquatic exercise
to provide advantages over standard land-based therapy for rapid return to athletics. For
example, Kim et al.131 identified elite athletes with acute ligament sprains in the lower limb to
improve more rapidly in the aquatic-based group versus the land based group.
In addition to rehabilitation following an injury, aquatic-based exercise has also shown
promising results in the improvement of performance in athletes. Martel et al.132 studied the
effects of an aquatic plyometric training on vertical jump in athletes. They found similar
significant improvements in vertical jump in both land and aquatic groups after a six week
program. However, the aquatic group experienced reduced muscle soreness with aquatic
plyometric training resulting in a more promising option when compared to land based
training.132
An aquatic-based injury prevention program can either coincide with or take the place of
land based training either prior to a season as a prevention program or when injury does not
allow for increased joint stress during a rehabilitation phase. Following an ACL reconstructive
surgery, patients could implement an aquatic based injury prevention program which allows for
earlier mobility. Injured individuals are able to perform more exercises earlier in the water than
they would be able to on land. This allows for an increased treatment time along with an
increased retention time which can reduce re-injury rates.
Conclusion
ACL injuries are one of the most devastating injuries to all individuals, specifically
athletes. The rehabilitation time is long and tedious and most of the time the individual does not
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return to 100% of their pre-injured self. ACL injuries also lead to an increased risk of
osteoarthritis which can be extremely painful and devastating later in life leading to total knee
replacements. Fortunately research has proven the main cause for ACL disruption is due to poor
lower body biomechanics and these factors can be influenced by injury prevention programs.
However, there is paucity in the literature of the effects of an aquatic therapy intervention
program on movement and landing technique. Therefore, the primary aim of this study is to
examine whether there are any changes in LESS scoring and vertical ground reaction forces
following an injury prevention warm-up in an aquatic-based environment. Any results
demonstrating decreased LESS scoring and vertical ground reaction force following an injury
prevention program will help to translate into greater use of such programs in rehabilitation and
prevention resulting in a decrease in injury risk. A secondary aim of this study is to evaluate the
attitude or perception of the aquatic based injury prevention program to our participants. Results
from this research question will guide our ability to evaluate possible contributing factors to
increase compliance of overall injury prevention program. The ability to begin these programs in
an aquatic environment at an early phase in rehabilitation following an ACL reconstructive
surgery can result in increased training periods followed by increased overall retention and
improvements in movement patterns.

30

Bibliography
1. Conn JM, Annest JL, Gilchrist J. Sports and recreation related injury episodes in the US
population, 1997-99. Injury Prevention. 2003;9(2):117.
2. Knowles SB, Marshall SW, Miller T, et al. Cost of injuries from a prospective cohort study of
north carolina high school athletes. Injury Prevention. 2007;13:416-421.
3. Burt CW, Overpeck M. Emergency visits for sports-related injuries. Ann Emerg Med.
2001;27(301):308.
4. Marshall SW, Pauda DA, McGrath M. Chapter 1: Incidence of ACL injury. In: Hewett TE,
Griffin LY, Shultz SJ, eds. Understanding and preventing non-contact ACL injury. Champaign,
IL: Human Kinetics; 2007:5-29.
5. Mihata LC, Beutler AI, Boden BP. Comparing the incidence of anterior cruciate ligament
injury in collegiate lacrosse, soccer, and basketball players: Implications for anterior cruciate
ligament mechanism and prevention. Am J Sports Med. 2006;34(6):899-904.
6. Hewett TE, Lindenfeld TN, Riccobene JV, Noyes FR. The effect of neuromuscular training on
the incidence of knee injury in female athletes. A prospective study. American Journal of Sports
Medicine. 1999;27(6):699-706.
7. Ardern CL, Webster KE, Taylor NF, Feller JA. Return to sport following anterior cruciate
ligament reconstruction surgery: A systematic review and meta-analysis of the state of play. Br J
Sports Med. 2011;45(7):596-606.
8. Brophy RH, Schmitz L, Wright RW, et al. Return to play and future ACL injury risk after
ACL reconstruction in soccer athletes from the multicenter orthopaedic outcomes network
(MOON) group. Am J Sports Med. 2012;40(11):2517-2522.
9. Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett TE. Incidence of contralateral and
ipsilateral anterior cruciate ligament (ACL) injury after primary ACL reconstruction and return
to sport. Clin J Sport Med. 2012;22(2):116-121.
10. Pinczewski LA, Lyman J, Salmon LJ, Russell VJ, Roe J, Linklater J. A 10-year comparison
of anterior cruciate ligament reconstructions with hamstring tendon and patellar tendon
autograft: A controlled, prospective trial. Am J Sports Med. 2007;35(4):564-574.
11. Rauh MJ, Macera CA, Ji M, Wiksten DL. Subsequent injury patterns in girls' high school
sports. J Athl Train. 2007;42(4):486-494.
12. Wright RW, Dunn WR, Amendola A, et al. Risk of tearing the intact anterior cruciate
ligament in the contralateral knee and rupturing the anterior cruciate ligament graft during the
first 2 years after anterior cruciate ligament reconstruction: A prospective MOON cohort study.
Am J Sports Med. 2007;35(7):1131-1134.
31

13. Paterno MV, Ford KR, Myer GD, Heyl R, Hewett TE. Limb asymmetries in landing and
jumping 2 years following anterior cruciate ligament reconstruction. Clin J Sport Med.
2007;17(4):258-262.
14. Paterno MV, Schmitt LC, Ford KR, et al. Biomechanical measures during landing and
postural stability predict second anterior cruciate ligament injury after anterior cruciate ligament
reconstruction and return to sport. Am J Sports Med. 2010;38(10):1968-1978.
15. Cunningham LS, Kelsey JL. Epidemiology of muscuolskeletal impairments and associated
diability. Am J Pub Health. 1984;74:574-579.
16. Marks PH, Droll KP, Cameron-Donaldson M. Chapter 2: Does ACL reconstruction prevent
articular degeneration? In: Hewett TE, Shultz SJ, Griffin LY, eds. Understanding and
preventing noncontact ACL injuries. American Orthopaedic Society for Sports Medicine;
2007:31-45.
17. Evans NA, Chew HF, Stanish WD. The natural history and tailored treatment of ACL injury.
Phys of Sportsmed. 2001;29(9).
18. Lohmander LS, Ostenberg A, Englund M, Roos H. High prevelance of knee osteoarthritis,
pain, and functional limitations in femal soccer players twelve years after anterior curciate
ligament injury. Arthritis Rheum. 2004;50(10):3145-3152.
19. Myklebust G, Holm I, Maehlum S, Engebretsen L, Bahr R. Clinical, functional, and
radiologic outcome in team handball players 6 to 11 years after anterior cruciate ligament injury:
A follow-up study. Am J Sports Med. 2003;31(6):981-989.
20. von Porat A, Roos EM, Roos H. High prevalence of osteoarthritis 14 years after an anterior
cruciate ligament tear in male soccer players: A study of radiographic and patient relevant
outcomes. Br J Sports Med. 2004;38(3):263-263.
21. Kessler MA, Behrend H, Henz S, Stutz G, Rukavina A, Kuster MS. Function, osteoarthritis
and activity after ACL-rupture: 11 years follow-up results of conservative versus reconstructive
treatment. Knee Surg Sports Traumatol Arthrosc. 2008;16(5):442-448.
22. Padua DA, Marshall SW, Boling MC, Thigpen CA, Garrett WE,Jr, Beutler AI. The landing
error scoring system (LESS) is a valid and reliable clinical assessment tool of jump-landing
biomechanics: The JUMP-ACL study. Am J Sports Med. 2009;37(10):1996-2002.
23. Louboutin H, Debarge R, Richou J, et al. Osteoarthritis in patients with anterior cruciate
ligament rupture: A review of risk factors. Knee. 2009;16(4):239-244.
24. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence of anterior
cruciate ligament and meniscus injuries: Osteoarthritis. Am J Sports Med. 2007;35(10):17561769.

32

25. Clatworthy M, Amendola A. The anterior cruciate ligament and arthritis. Clin Sports Med.
1999;18(1):173-98, vii.
26. Gillquist J, Messner K. Anterior cruciate ligament reconstruction and the long-term incidence
of gonarthrosis. Sports Med. 1999;27(3):143-156.
27. Hoffelner T, Resch H, Moroder P, et al. No increased occurrence of osteoarthritis after
anterior cruciate ligament reconstruction after isolated anterior cruciate ligament injury in
athletes. Arthroscopy. 2012;28(4):517-525.
28. Hewett TE, Myer GD, Ford KR, et al. Biomechanical measures of neuromuscular control and
valgus loading of the knee predict anterior cruciate ligament injury risk in female athletes: A
prospective study. Am J Sports Med. 2005;33(4):492-501.
29. Boden BP, Dean GS, Feagin JA,Jr, Garrett WE,Jr. Mechanisms of anterior cruciate ligament
injury. Orthopedics. 2000;23(6):573-578.
30. DiStefano LJ, Padua DA, DiStefano MJ, Marshall SW. Influence of age, sex, technique, and
exercise program on movement patterns after an anterior cruciate ligament injury prevention
program in youth soccer players. Am J Sports Med. 2009;37(3):495-505.
31. Olsen OE, Myklebust G, Engebretsen L, Bahr R. Injury mechanisms for anterior cruciate
ligament injuries in team handball: A systematic video analysis. Am J Sports Med.
2004;32(4):1002-1012.
32. Krosshaug T, Nakamae A, Boden BP, et al. Mechanisms of anterior cruciate ligament injury
in basketball: Video analysis of 39 cases. Am J Sports Med. 2007;35(3):359-367.
33. Boden BP, Torg JS, Knowles SB, Hewett TE. Video analysis of anterior cruciate ligament
injury: Abnormalities in hip and ankle kinematics. Am J Sports Med. 2009;37(2):252-259.
34. Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finerman GA, Slauterbeck JL.
Combined knee loading states that generate high anterior cruciate ligament forces. J Orthop Res.
1995;13(6):930-935.
35. Ireland ML. Anterior cruciate ligament injury in female athletes: Epidemiology. Journal of
Athletic Training. 1999;34(2):150.
36. Uhorchak JM, Scoville CR, Williams GN, Arciero RA, St. Pierre P, Taylor DC. Risk factors
associated with noncontact injury of the anterior cruciate ligament. A prospective four-year
evaluation of 859 west point cadets. Am J Sports Med. 2003;31(6):831-842.
37. Williams GN, Chmielewski T, Rudolph K, Buchanan TS, Snyder-Mackler L. Dynamic knee
stability: Current theory and implications for clinicians and scientists. J Orthop Sports Phys
Ther. 2001;31(10):546-566.

33

38. Arms SW, Pope MH, Johnson RJ, Fischer RA, Arvidsson I, Eriksson E. The biomechanics of
anterior cruciate ligament rehabilitation and reconstruction. Am J Sports Med. 1984;12(1):8-18.
39. Shoemaker SC, Adams D, Daniel DM, Woo SL. Quadriceps/anterior cruciate graft
interaction: An in vitro study of joint kinematics and anterior cruciate ligament graft tension.
Clin Orthop. 1993(294):379-390.
40. Draganich LF, Vahey JW. An in vitro study of anterior cruciate ligament strain induced by
quadriceps and hamstrings forces. Journal of Orthopaedic Research. 1990;8(1):57-63.
41. Hirokawa S, Solomonow M, Lu Y, Lou Z-, D'Ambrosia R. Anterior-posterior and rotational
displacement of the tibia elicited by quadriceps contraction. Am J Sports Med. 1992;20(3):299306.
42. Stauber WT. Eccentric action of muscles: Physiology, injury, and adaptation. Exerc Sport Sci
Rev. 1989;17:157-185.
43. Quatman CE, Quatman-Yates CC, Hewett TE. A 'plane' explanation of anterior cruciate
ligament injury mechanisms: A systematic review. Sports Med. 2010;40(9):729-746.
44. Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in national collegiate
athletic association basketball and soccer: A 13-year review. Am J Sports Med. 2005;33(4):524530.
45. Pfile KR, Hart JM, Herman DC, Hertel J, Kerrigan DC, Ingersoll CD. Different exercise
training interventions and drop-landing biomechanics in high school female athletes. J Athl
Train. 2013;48(4):450-462.
46. Devita P, Skelly WA. Effect of landing stiffness on joint kinetics and energetics in the lower
extremity. Med Sci Sports Exerc. 1992;24(1):108-115.
47. Dufek JS, Bates BT. Biomechanical factors associated with injury during landing in jump
sports. Sports Medicine. 1991;12(5):326-337.
48. Gwinn DE, Wilckens JH, McDevitt ER, Ross G, Kao TC. The relative incidence of anterior
cruciate ligament injury in men and women at the united states naval academy. / frequence
relative des blessures du ligament croise anterieur chez des hommes et des femmes a l'academie
navale des etats-unis. Am J Sports Med. 2000;28(1):98-102.
49. Hewett TE, Stroupe AL, Nance TA, Noyes FR. Plyometric training in female athletes:
Decreased impact forces and increased hamstring torques. Am J Sports Med. 1996;24(6):765773.
50. Arendt EA, Agel J, Dick R. Anterior cruciate ligament injury patterns among collegiate men
and women. J Athl Train. 1999;34(2):86-92.

34

51. Prapavessis H, McNair PJ. Effects of instruction in jumping technique and experience
jumping on ground reaction forces. J Orthop Sports Phys Ther. 1999;29(6):352-356.
52. Padua DA, Marshall SW, Boling MC, Thigpen CA, Garrett WE,Jr, Beutler AI. The landing
error scoring system (LESS) is a valid and reliable clinical assessment tool of jump-landing
biomechanics: The JUMP-ACL study. Am J Sports Med. 2009;37(10):1996-2002.
53. Shelburne KB, Pandy MG. Determinants of cruciate-ligament loading during rehabilitation
exercise. Clin Biomech (Bristol, Avon). 1998;13(6):403-413.
54. Swartz EE, Decoster LC, Russell PJ, Croce RV. Effects of developmental stage and sex on
lower extremity kinematics and vertical ground reaction forces during landing. J Athl Train.
2005;40(1):9-14.
55. Boden BP, Breit I, Sheehan FT. Tibiofemoral alignment: Contributing factors to noncontact
anterior cruciate ligament injury. Journal of Bone & Joint Surgery, American Volume. 2009;91A(10):2381-2389.
56. Chappell JD, Creighton RA, Giuliani C, Yu B, Garrett WE. Kinematics and
electromyography of landing preparation in vertical stop-jump: Risks for noncontact anterior
cruciate ligament injury. Am J Sports Med. 2007;35(2):235-241.
57. Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett WE. A comparison of knee joint
motion patterns between men and women in selected athletic tasks. Clin Biomech (Bristol,
Avon). 2001;16(5):438-445.
58. McLean SG, Walker KB, van den Bogert AJ. Effect of gender on lower extremity kinematics
during rapid direction changes: An integrated analysis of three sports movements. J Sci Med
Sport. 2005;8(4):411-422.
59. Landry SC, McKean KA, Hubley-Kozey CL, Stanish WD, Deluzio KJ. Neuromuscular and
lower limb biomechanical differences exist between male and female elite adolescent soccer
players during an unanticipated side-cut maneuver. Am J Sports Med. 2007;35(11):1888-1900.
60. McLean SG, Walker K, Ford KR, Myer GD, Hewett TE, van den Bogert AJ. Evaluation of a
two dimensional analysis method as a screening and evaluation tool for anterior cruciate
ligament injury. Br J Sports Med. 2005;39(6):355-362.
61. McLean SG, Fellin RE, Suedekum N, Calabrese G, Passerallo A, Joy S. Impact of fatigue on
gender-based high-risk landing strategies. Med Sci Sports Exerc. 2007;39(3):502-514.
62. Berns GS, Hull ML, Patterson HA. Strain in the anteromedial bundle of the anterior cruciate
ligament under combination loading. J Orthop Res. 1992;10(2):167-176.
63. Fukuda Y, Woo SL, Loh JC, et al. A quantitative analysis of valgus torque on the ACL: A
human cadaveric study. J Orthop Res. 2003;21(6):1107-1112.
35

64. Fung DT, Zhang LQ. Modeling of ACL impingement against the intercondylar notch. Clin
Biomech (Bristol, Avon). 2003;18(10):933-941.
65. Fung DT, Hendrix RW, Koh JL, Zhang LQ. ACL impingement prediction based on MRI
scans of individual knees. Clin Orthop Relat Res. 2007;460:210-218.
66. Kanamori A, Zeminski J, Rudy TW, Li G, Fu FH, Woo SL. The effect of axial tibial torque
on the function of the anterior cruciate ligament: A biomechanical study of a simulated pivot
shift test. Arthroscopy. 2002;18(4):394-398.
67. Noyes FR, Barber-Westin SD, Fleckenstein C, Walsh C, West J. The drop-jump screening
test: Difference in lower limb control by gender and effect of neuromuscular training in female
athletes. Am J Sports Med. 2005;33(2):197-207.
68. Wascher DC, Markolf KL, Shapiro MS, Finerman GA. Direct in vitro measurement of forces
in the cruciate ligaments. part I: The effect of multiplane loading in the intact knee. J Bone Joint
Surg Am. 1993;75(3):377-386.
69. Miyasaka T, Matsumoto H, Suda Y, Otani T, Toyama Y. Coordination of the anterior and
posterior cruciate ligaments in constraining the varus-valgus and internal-external rotatory
instability of the knee. J Orthop Sci. 2002;7(3):348-353.
70. Meyer EG, Baumer TG, Slade JM, Smith WE, Haut RC. Tibiofemoral contact pressures and
osteochondral microtrauma during anterior cruciate ligament rupture due to excessive
compressive loading and internal torque of the human knee. Am J Sports Med.
2008;36(10):1966-1977.
71. Boden BP, Sheehan FT, Torg JS, Hewett TE. Noncontact anterior cruciate ligament injuries:
Mechanisms and risk factors. J Am Acad Orthop Surg. 2010;18(9):520-527.
72. Koga H, Nakamae A, Shima Y, et al. Mechanisms for noncontact anterior cruciate ligament
injuries: Knee joint kinematics in 10 injury situations from female team handball and basketball.
Am J Sports Med. 2010;38(11):2218-2225.
73. Besier TF, Lloyd DG, Ackland TR, Cochrane JL. Anticipatory effects on knee joint loading
during running and cutting maneuvers. Med Sci Sports Exerc. 2001;33(7):1176-1181.
74. Andrews JR, McLeod WD, Ward T, Howard K. The cutting mechanism. Am J Sports Med.
1977;5(3):111-121.
75. Wang JB, Rubin RM, Marshall JL. A mechanism of isolated anterior cruciate ligament
rupture. case report. J Bone Joint Surg Am. 1975;57(3):411-413.
76. Zarins B, Rowe CR, Harris BA, Watkins MP. Rotational motion of the knee. Am J Sports
Med. 1983;11(3):152-156.

36

77. Zarins B, Nemeth VA. Acute knee injuries in athletes. Orthop Clin North Am.
1985;16(2):285-302.
78. Barber-Westin SD, Galloway M, Noyes FR, Corbett G, Walsh C. Assessment of lower limb
neuromuscular control in prepubescent athletes. Am J Sports Med. 2005;33(12):1853-1860.
79. Barber-Westin SD, Noyes FR, Galloway M. Jump-land characteristics and muscle strength
development in young athletes: A gender comparison of 1140 athletes 9 to 17 years of age. Am J
Sports Med. 2006;34(3):375-384.
80. Hewett TE, Myer GD, Ford KR, Slauterbeck JR. Preparticipation physical examination using
a box drop vertical jump test in young athletes: The effects of puberty and sex. Clin J Sport Med.
2006;16(4):298-304.
81. Onate J, Cortes N, Welch C, Van Lunen BL. Expert versus novice interrater reliability and
criterion validity of the landing error scoring system. J Sport Rehabil. 2010;19(1):41-56.
82. Onate JA, Guskiewicz KM, Sullivan RJ. Augmented feedback reduces jump landing forces. J
Orthop Sports Phys Ther. 2001;31(9):511-517.
83. Heidt RS,Jr, Sweeterman LM, Carlonas RL, Traub JA, Tekulve FX. Avoidance of soccer
injuries with preseason conditioning. Am J Sports Med. 2000;28(5):659-662.
84. Myer GD, Ford KR, Palumbo JP, Hewett TE. Neuromuscular training improves performance
and lower-extremity biomechanics in female athletes. J Strength Cond Res. 2005;19(1):51-60.
85. Padua DA, Distefano LJ. Sagittal plane knee biomechanics and vertical ground reaction
forces are modified following ACL injury prevention programs: A systematic review. Sports
Health. 2009;1(2):165-173.
86. Padua DA, DiStefano LJ, Marshall SW, Beutler AI, de la Motte SJ, DiStefano MJ. Retention
of movement pattern changes after a lower extremity injury prevention program is affected by
program duration. Am J Sports Med. 2012;40(2):300-306.
87. Aerts I, Cumps E, Verhagen E, Meeusen R. Efficacy of a 3 month training program on the
jump-landing technique in jump-landing sports. design of a cluster randomized controlled trial.
BMC Musculoskeletal Disorders. 2010;11.
88. Alentorn-Geli E, Myer GD, Silvers HJ, et al. Prevention of non-contact anterior cruciate
ligament injuries in soccer players. part 2: A review of prevention programs aimed to modify risk
factors and to reduce injury rates. Knee Surg Sports Traumatol Arthrosc. 2009;17(8):859-879.
89. Gilchrist J, Mandelbaum BR, Melancon H, et al. A randomized controlled trial to prevent
noncontact anterior cruciate ligament injury in female collegiate soccer players. Am J Sports
Med. 2008;36(8):1476-1483.

37

90. Mandelbaum BR, Silvers HJ, Watanabe DS, et al. Effectiveness of a neuromuscular and
proprioceptive training program in preventing anterior cruciate ligament injuries in female
athletes: 2-year follow-up. Am J Sports Med. 2005;33(7):1003-1010.
91. Labella C, Carl R. Preventing knee ligament injuries in young athletes. Pediatr Ann.
2010;39(11):714-720.
92. LaBella CR, Huxford MR, Grissom J, Kim KY, Peng J, Christoffel KK. Effect of
neuromuscular warm-up on injuries in female soccer and basketball athletes in urban public high
schools: Cluster randomized controlled trial. Arch Pediatr Adolesc Med. 2011;165(11):10331040.
93. Owens BD, Cameron KL, Duffey ML, et al. Military movement training program improves
jump-landing mechanics associated with anterior cruciate ligament injury risk. J Surg Orthop
Adv. 2013;22(1):66-70.
94. Walden M, Atroshi I, Magnusson H, Wagner P, Hagglund M. Republished research:
Prevention of acute knee injuries in adolescent female football players: Cluster randomised
controlled trial. Br J Sports Med. 2012;46(13):904.
95. Lim BO, Lee YS, Kim JG, An KO, Yoo J, Kwon YH. Effects of sports injury prevention
training on the biomechanical risk factors of anterior cruciate ligament injury in high school
female basketball players. Am J Sports Med. 2009;37(9):1728-1734.
96. Holm I, Fosdahl MA, Friis A, Risberg MA, Myklebust G, Steen H. Effect of neuromuscular
training on proprioception, balance, muscle strength, and lower limb function in female team
handball players. Clin J Sport Med. 2004;14(2):88-94.
97. Chappell JD, Limpisvasti O. Effect of a neuromuscular training program on the kinetics and
kinematics of jumping tasks. Am J Sports Med. 2008;36(6):1081-1086.
98. Myer GD, Brent JL, Ford KR, Hewett TE. Real-time assessment and neuromuscular training
feedback techniques to prevent anterior cruciate ligament injury in female athletes. Strength and
Conditioning Journal. 2011;33(3):21-35.
99. Onate JA, Guskiewicz KM, Marshall SW, Giuliani C, Yu B, Garrett WE. Instruction of
jump-landing technique using videotape feedback: Altering lower extremity motion patterns. Am
J Sports Med. 2005;33(6):831-842.
100. Prapavessis H, McNair PJ, Anderson K, Hohepa M. Decreasing landing forces in children:
The effect of instructions. J Orthop Sports Phys Ther. 2003;33(4):204-207.
101. Irmischer BS, Harris C, Pfeiffer RP, DeBeliso MA, Adams KJ, Shea KG. Effects of a knee
ligament injury prevention exercise program on impact forces in women. J Strength Cond Res.
2004;18(4):703-707.

38

102. Padua DA, Distefano LJ. Sagittal plane knee biomechanics and vertical ground reaction
forces are modified following ACL injury prevention programs: A systematic review. Sports
Health. 2009;1(2):165-173.
103. Padua DA, Marshall SW. Evidence supporting ACL-injury-prevention exercise programs:
A review of the literature. Athletic Therapy Today. 2006;11(2):11-23.
104. Chimera NJ, Swanik KA, Swanik CB, Straub SJ. Effects of plyometric training on muscleactivation strategies and performance in female athletes. J Athl Train. 2004;39(1):24-31.
105. Heil J. Psychology of sport injury. Human Kinetics. 1995.
106. Soligard T, Nilstad A, Steffen K, et al. Compliance with a comprehensive warm-up
programme to prevent injuries in youth football. Br J Sports Med. 2010;44(11):787-793.
107. Finch CF, White P, Twomey D, Ullah S. Implementing an exercise-training programme to
prevent lower-limb injuries: Considerations for the development of a randomised controlled trial
intervention delivery plan. Br J Sports Med. 2011;45(10):791-796.
108. Martin K, Moritz S, Hall C. Imagery use in sport: A literature review and applied model.
Sport Psychology. 1999;13(3):245-268.
109. Prentice W. Arnheim's principle of athletic training: A competancy-based approach. 12th
ed. New York, NY: McGraw-Hill; 2006.
110. Walsh M. Injury rehabilitation and imagery. In: Morris T, Spittle M, Watts A, eds. Human
kinetics. ; 2005:312-313.
111. Galli N, Visek A, Hamson-Utley J, Staples J, Zeplin S. Psychology of injury and
rehabilitation. . 2013.
112. Hamson-Utley J, Vazquez L. The comeback: Rehabilitating the psycological injury. Athletic
Therapy Today. 2008;37:35-38.
113. Driediger M, Hall C, Callow N. Imagery use by injured athletes: A qualitative analysis.
Journal of Sports Science. 2006;24:261-279.
114. Hewett TE, Ford KR, Myer GD. Anterior cruciate ligament injuries in female athletes: Part
2, a meta-analysis of neuromuscular interventions aimed at injury prevention. Am J Sports Med.
2006;34(3):490-498.
115. Olsen OE, Myklebust G, Engebretsen L, Holme I, Bahr R. Exercises to prevent lower limb
injuries in youth sports: Cluster randomised controlled trial. BMJ. 2005;330(7489):449.

39

116. Pollard CD, Sigward SM, Ota S, Langford K, Powers CM. The influence of in-season
injury prevention training on lower-extremity kinematics during landing in female soccer
players. Clin J Sport Med. 2006;16(3):223-227.
117. Hurd WJ, Chmielewski TL, Snyder-Mackler L. Perturbation-enhanced neuromuscular
training alters muscle activity in female athletes. Knee Surg Sports Traumatol Arthrosc.
2006;14(1):60-69.
118. Herman DC, Onate JA, Weinhold PS, et al. The effects of feedback with and without
strength training on lower extremity biomechanics. Am J Sports Med. 2009;37(7):1301-1308.
119. Noyes FR, Barber Westin SD. Anterior cruciate ligament injury prevention training in
female athletes: A systematic review of injury reduction and results of athletic performance tests.
Sports Health. 2012;4(1):36-46.
120. Parsons JL, Alexander MJ. Modifying spike jump landing biomechanics in female
adolescent volleyball athletes using video and verbal feedback. J Strength Cond Res.
2012;26(4):1076-1084.
121. Haralson KM. Therapeutic pool programs. Clinical Management in Physical Therapy.
1985;5(2):10-13.
122. Becker BE. Aquatic therapy: Scientific foundations and clinical rehabilitation applications.
PM R. 2009;1(9):859-872.
123. DeMaere JM. Effects of deep water and treadmill running on oxygen uptake and energey
expenditure in seasonally trained cross country runners. Journal of Sports Medicine and Physical
Fitness. 1996;37:175-181.
124. Killgore GL, Wilcox AR, Caster BL, Wood TM. A lower-extremities kinematic comparison
of deep-water running styles and treadmill running. J Strength Cond Res. 2006;20(4):919-927.
125. Piotrowska-Calka E, Karbownik-Kopacz J. The influence of shallow and deep water
exercise on the specific morphophysiological indicators and level of physical fitness. Medicina
Sportiva. 2007;11(1):11-16.
126. Haupenthal A, Rushcel C, Hubert M, de Brito Fontana H, Roesler H. Loading forces in
shallow water running at two levels of immersion. Journal of Rehabilitation and Medcine.
2010;42:664-669.
127. Alberton CL, Tartaruga MP, Pinto SS, et al. Vertical ground reaction force during water
exercises performed at different intensities. Int J Sports Med. 2013.
128. Barela AM, Stolf SF, Duarte M. Biomechanical characteristics of adults walking in shallow
water and on land. J Electromyogr Kinesiol. 2006;16(3):250-256.

40

129. Roesler H, Haupenthal A, Schutz GR, de Souza PV. Dynamometric analysis of the
maximum force applied in aquatic human gait at 1.3m of immersion. Gait Posture.
2006;24(4):412-417.
130. Miyoshi T, Shirota T, Yamamoto S, Nakazawa K, Akai M. Effect of the walking speed to
the lower limb joint angular displacements, joint moments and ground reaction forces during
walking in water. Disabil Rehabil. 2004;26(12):724-732.
131. Kim E, Kim T, Kang H, Lee J, Childers MK. Aquatic versus land-based exercises as early
functional rehabilitation for elite athletes with acute lower extremity ligament injury: A pilot
study. PM R. 2010;2(8):703-712.
132. Martel GF, Harmer ML, Logan JM, Parker CB. Aquatic plyometric training increases
vertical jump in female volleyball players. Med Sci Sports Exerc. 2005;37(10):1814-1819.
133. Mickalide A, Hansen L. Coaching our kids to fewer injuries. A report on youth sports
safety. Washington, DC. Safe Kids Worldwide;April 2012.
134. National Institute of Arthritis and Muscuolskeletal and Skin Diseases. Childhood sports
injuries and their prevention: A guide for parents with ideas for kids. NIH Pub. 2006:06-4821.
135. Padua DA, DiStefano LJ, Marshall SW, Beutler AI, de la Motte SJ, DiStefano MJ.
Retention of movement pattern changes after a lower extremity injury prevention program is
affected by program duration. Am J Sports Med. 2012;40(2):300-306.
136. Cook SB, Scarneo SE, McAvoy RM. Physiological effects of an acute bout of shallow
water sprinting. International Journal of Aquatic Research and Education. 2013;7(2):105-115.
137. Pitney W, Parker J. Qualitative research in physical activity and the health professions.
Champaign, IL: Human Kinetics; 2009.
138. Myer GD, Ford KR, Brent JL, Hewett TE. Differential neuromuscular training effects on
ACL injury risk factors in"high-risk" versus "low-risk" athletes. BMC Musculoskelet Disord.
2007;8:39.
139. Myer GD, Martin L,Jr, Ford KR, et al. No association of time from surgery with functional
deficits in athletes after anterior cruciate ligament reconstruction: Evidence for objective returnto-sport criteria. Am J Sports Med. 2012;40(10):2256-2263.
140. DiStefano LJ, Blackburn JT, Marshall SW, Guskiewicz KM, Garrett WE, Padua DA.
Effects of an age-specific anterior cruciate ligament injury prevention program on lower
extremity biomechanics in children. Am J Sports Med. 2011;39(5):949-957.
141. Steffen K, Meeuwisse WH, Romiti M, et al. Evaluation of how different implementation
strategies of an injury prevention programme (FIFA 11+) impact team adherence and injury risk

41

in canadian female youth football players: A cluster-randomised trial. Br J Sports Med.
2013;47(8):480-487.
142. Steffen K, Emery CA, Romiti M, et al. High adherence to a neuromuscular injury
prevention programme (FIFA 11+) improves functional balance and reduces injury risk in
canadian youth female football players: A cluster randomised trial. Br J Sports Med.
2013;47(12):794-802.

42

Introduction
Despite the numerous health benefits from sports participation, it is estimated that 42% of
all medical injuries result from sports and musculoskeletal and anterior cruciate ligament (ACL)
injuries account for a majorities of these injuries.1,2 It is also estimated that more than 38 million
children and adolescents participate in sports each year in the United States and that one in three
children who play a team sport is injured seriously enough to miss practice or games.133,134
Additionally, recent evaluations suggest that approximately three billion dollars are spent
annually on medical care, which are associated with ACL injuries in the United States.4,6 To an
athlete, an ACL injury can be a career-threatening, if not career-ending injury with poor longterm prognosis including increased risk of developing knee osteoarthritis, months of recovery,
and high re-injury rates.10-12,17-20. Due to this high incidence of injury and re-injury along with
the increase in health care costs, injury prevention interventions are the key to avoid repeat
injuries and possibly the development of osteoarthritis.
Specific movement patterns during sport activity, such as landing from a jump, are
associated with risk of lower extremity injury because they result in abnormal joint
loading.29,34,38,46,53 Examples of these movement patterns are landing with limited hip and knee
flexion and poor force absorption, or landing with excessive medial knee displacement and/or
increased knee/hip rotation.18,54,55 In addition, sub optimal mechanics can result in higher ground
reaction forces, which are associated with increased risk of lower extremity injury.28,74-76
Therefore, risk of lower extremity injury may be increased in individuals with poor landing
technique.82 A cost effective method of evaluating landing technique is through the Landing
Error Scoring System (LESS). This method allows for evaluators to asses landing technique
using a variety of different factors which increase an individual’s injury risk (i.e. increase knee
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valgus, decreased knee flexion, asymmetrical initial contact, etc). Landing techniques are,
however, modifiable through exercise and instruction during injury prevention programs or
rehabilitation.83,84
Land-based injury prevention programs improve landing technique30, and reduce injury
rates to the ACL and other parts of the lower extremities.29,35 Successful programs utilize a
combination of resistance, balance, plyometric and flexibility exercises to optimize movement
patterns though decreasing knee valgus, minimizing rotation, and increasing knee and hip flexion
during sport and recreational activities. These programs are believed to be effective in improving
biomechanical and neuromuscular characteristics during functional tasks, such as movement
patterns during jumping, landing and cutting maneuvers.49,85-88 Conversely, compliance with
these programs are poor with limited evidence as to why and how to increase adherence to the
programs itself. Nonetheless, when an injured athlete is ready to begin rehabilitation for their
lower extremity injury, use of a land-based program can induce high joint forces, is physically
demanding and provides additional stressors to the lower extremity joints resulting in the
possibility of further injury. However, recent evidence has shown a prolonged timeframe of
learning and performing an injury prevention program can lead to increased retention rates.135
Aquatic-based exercise has been shown to be an effective and safe alternative to landbased exercise and may be a valuable tool for rehabilitation, conditioning or injury prevention
programs.131,132,136 When individuals are immersed in water, a percentage of their body weight is
unloaded, resulting in the reduction of weight bearing impact.125 Performing exercises in shallow
water has been shown to reduce weight-bearing impact by 70-75% of one’s body weight but
allows contact forces to occur.126 As a result, joint stress impact is reduced and therefore could
decrease the risk of injury and allow for earlier physical activity to be performed during injury
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rehabilitation. Furthermore, the buoyancy of water can be assistive, supportive or resistive
depending upon body and limb position and motion.121 The properties of water also allow for
increased resistance. The viscosity and density of water compared to air offers an
accommodating resistance, which increases as a square value when the movement in the water
increases.121,123,124 The combination of all of the properties of water allow for reduced injury risk
and permit methods to begin rehabilitation earlier than they can on land. Therefore, the use of an
aquatic-based environment may be an ideal way to introduce an injury prevention programs
earlier into lower extremity rehabilitation, resulting in increased time dedicated to the program
and possibly increasing retention rates. They may also be used as an alternative environment for
injury prevention programs which could increase long term adherence.
The primary purpose of this study was to examine whether an aquatic-based injury
prevention program can elicit changes in landing technique, as measured by the Landing Error
Scoring System (LESS) and vertical ground reaction forces. Additionally, a secondary purpose
was to identify what may attract or commit an individual to complete and injury prevention
program. We hypothesize that the aquatic-based program will be effective with decreasing LESS
scores and forces. This study may help to promote the use of injury prevention programs in
rehabilitation and prevention efforts resulting in reduced injury rates.
Methods
Design

Participants completed a screening test. Participants were asked to perform three

repetitions of a standardized jump-landing tasks. The jump landing task required participants to
jump forward from a 30-cm box a distance of half their body height, land in a target area, and
jump for maximal height upon landing. A successful jump required participants to: (1) jump off
of both feet from the box (2) jump forward, but not vertically, to reach the target area (3) land
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with both feet in the target area (4) complete the task in a fluid motion (see Figure a). Three
members of the research team screened all participants using the Landing Error Scoring System
Real-Time (LESS-RT) (See figure 7 in appendix) tool, which has been shown to be a reliable
movement screening instrument.86 The LESS-RT evaluates jump landing characteristics that
have been associated with injury risk. Participants were included in the study if their score was
greater than a four, indicating they had room to improve their landing technique. The first 15
participants that met these criteria were included in the training part of the study. Included
participants performed the same jump-landing task for pre- and post- test procedures along with
completing an open-ended questionnaire.

Figure a - Jump-Landing

Participants

A sample of fifteen recreationally active college-aged females (n=15, age=20.6 ±

2.1, mass= 62.02 ± 8.18, height=164.74 ± 5.98) from the University of Connecticut volunteered
to participate in this study. We estimated the sample size via a power analysis using previous
studies which have demonstrated clinically significant differences (moderate effect) between
individuals before and after completing an injury prevention program. An alpha level of
significance = 0.05 and a desired power level of 0.8 were used for all analyses. All participants
were between the ages of 18-25, recreationally active, 157 centimeters or taller to accommodate
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the water depth, and had no lower extremity limitations. All participants were able to swim and
not afraid of water. Written informed consent was obtained from all participants. The
university’s Institutional Review Board approved this study prior to initiation of data collection.
Procedures
Movement Assessment
Participants completed two identical test sessions, before (PRE) and after (POST)
completing a six-week intervention. Participants performed three trials of the standardized jumplanding task landing with each foot on a force plate (Model #4060-NC-2000, Bertec Corp.,
Columbus OH) during each test session. The jump-landing task was also videotaped using
standard digital cameras (Canon FS400, Canon U.S.A. Inc., Lake Success, NY, USA) placed in
front and to the side of the participants in order to capture frontal and sagittal plane images. The
jump-landing test was graded at a later date from the videotapes using a valid and reliable
clinical movement analysis tool called the Landing Error Scoring System (LESS) (Figure 8 in
appendix).44,52,81 The LESS is scored based on sixteen readily observable items of human
movement during a jump-landing and uses a binary system to determine whether or not the
participant demonstrated specific landing errors. A higher LESS score indicates poor technique
in landing from a jump; a lower score indicates better technique.
Aquatic-Based Injury Prevention Program
Participants completed the 15-minute aquatic-based injury prevention program three
times per week (based on participant schedules) for six weeks. This prevention program included
a variety of balance, resistance, plyometric, flexibility, and agility exercises (See Figure 9 in
appendix).30,45,89,90,99,103,114-117 The aquatic-based injury prevention program was modified from
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land-based injury prevention programs that have been successful with reducing injury rates or
improving landing technique.30,45,89,90,99,103,114-117
Open-Ended Questionnaire
Participants completed an open-ended questionnaire prior to and following the aquaticbased IPP. The questionnaire was developed by two researchers, one experienced. The before
questionnaire included questions geared toward initial attractor, prior aquatic exercise history, and
knowledge base on landing technique (see Figure 10 in appendix). The after questionnaire included
questions geared toward overall experience, belief of change in landing technique and what our
participants learned (see Figure 11 in appendix).
Statistical Analyses
A customized software program (MatLab 7, MathWorks, Natick, Massachusetts)
determined the stance phase for each jump-landing task, which occurred between the time each
participant made initial contact with the ground (VGRF>10N) and jumped for maximal height
(VGRF<10N). Peak VGRF and the time to reach these forces (TIME) during the stance phase
were calculated for each trial. An average value for LESS scores, VGRF, and the time to reach
peak VGRF were calculated for both test sessions. Change scores were calculated for each
dependent variable (VGRF, TIME, and LESS score) by subtracting the pre-test value from the
post-test. Separate one-way between-subjects analysis of variance were performed for each
dependent variable. All data was analyzed using SPSS (version 21.0, SPSS Inc., Chicago,
Illinois) with an a priori alpha level of .05. Separation of 95% confidence intervals were used to
evaluate significant differences between groups.
Qualitative data were evaluated using an open coding procedure137 as a means to build an
understanding related to IPP adherence and compliance. During the analysis of the open-ended
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questions, one researcher evaluated the data and identified concepts within the data that had fit
(represented the topic of compliance/adherence) and relevance. Those key pieces of data were
assigned codes, which represented the meaning of the data. A second researcher, who
independently reviewed the data, reviewed the initial analysis to confirm the findings.
Results
All 15 participants completed both test sessions and the intervention program. We
observed that the aquatic-based injury prevention program significantly reduced both LESS
scores (P=0.004) and left (P<0.001) and right (P<0.001) peak vertical ground reaction forces. In
addition, participants increased the time to peak VGRF for the left limb after completing the
program (P<0.001).
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Variable

LESS (errors)
Left PVGRF
(%BW)
Right PVGRF
(%BW)
Left TPVGRF (s)
Right TPVGRF (s)

Pre-Test

Post-Test

Change
Score

6.22 ± 1.68
2.67 ± .71

4.5 ± 1.75
1.3 ± .46

1.68 ± 1.68
1.31 ± .78

2.74 ± .85

1.42 ± .55

.09 ± .03
.94 ± .29

.86 ± .28
.86 ± .31

Table 1- LESS and VGRF

Figure 1- Individual LESS Avg Scores
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95% CI of
Change
Score

Effect
Size

P-Value

(2.43, .93)
(1.74, .87)

.96
-1.85

<0.01
<0.01

1.32 ± .78

(1.76, .89)

1.55

<0.01

-.76 ± .29
.08 ± .22

(-.60, -.93)
(.20, -.04)

-2.75
.25

<0.01
0.171

51

Figure 4- Time to Peak VGRF Average

Figure 5- Average LESS

Figure 6-Average VGRF Left and Right Limb
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Qualitative Approach Results
A factor, which was identified as a theme to facilitate compliance and adherence to the
injury prevention program was interest. Participant #9 said “I wanted to gain information about
landing technique…preventing further injury”. Participant #10 said they wanted to “learn about
my landing technique”. Participant #1 said, “I was interested in participating in the aquatic
study..”. Additionally, participants stated that the program was enjoyable or fun. Participant #1
said “It was fun!...doing it in a group made it more enjoyable”. Participant #11 said, “I really
enjoyed being in this study.” Participant #12 said, “It was fun, I liked the social aspect.”
Additionally, 100% of our participants believed their landing technique improved following the
aquatic-based injury prevention program (See Table 2).
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Subject
1

PreLESS
7.67

PostLESS
4.33

LESS
Decrease?
Yes

2

8.33

5.00

Yes

3

4.00

2.00

Yes

4
6
7

8.00
9.00
6.00

9.67
6.00
3.33

No
Yes
Yes

8

6.67

3.67

Yes

9

7.33

5.67

Yes

10

6.67

4.67

Yes

11
12
13
14

4.67
8.00
8.67
6.33

3.33
5.00
6.67
7.33

Yes
Yes
Yes
No

15

7.33

5.00

Yes

16

3.33

4.33

No

Quote
“Positively because I’m more
aware of landing softly on my feet
without my knees going into
valgus”
“Yes I think my technique has
positively changed…”
“I don’t usually think about how I
am landing & during this study, I
did.”
“I think it has changed positively”
“It improved!”
“Yes, positively. I am more aware
of my landing & how I should
land properly”
“Possibly, positively because I
think about it more. Not sure if its
permanent”
“I think so in a positive way. I am
more conscious of proper landing
technique.”
“I believe my landing technique
was positively changed
throughout the exercises”
“I hope so…”
“I hope positively”
“I think it could…”
“I am not sure what my landing
technique will necessarily be like.
But I don’t think they were in any
way negatively changed.”
“I believe it has improved
because I felt better when I
landed, like I actually knew the
proper way to land.”
“Yes, before I think I favored my
right leg but now they are more
equal.”

Table 2- Participant identified belief of effects of injury prevention program on landing technique.
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Discussion
The most important finding of this study is the use of an aquatic-based injury prevention
program improved landing technique, as evident by decreased LESS scores and vertical ground
reaction forces. These results agree with previous research demonstrating improved landing
technique after the completion of land-based injury prevention programs30,97 which have also
been shown to reduce injury risk.90,92,94 However, land-based programs may be physically
demanding for some individuals, especially during rehabilitation following an injury. Performing
injury prevention programs in an aquatic environment, which exposes an individual to lower
external forces, 127,128,130 also appears to be an effective means of improving landing technique,
and may reduce future injury risk.
Aquatic therapy has proven to be a viable and safe alternative environment for
rehabilitation from lower extremity injury along with conditioning.131,136 To our knowledge, this
is the first study to examine the effects of a six-week injury prevention program conducted in an
aquatic environment. The results of this study provide preliminary evidence that an aquaticbased program may be an option for individuals recovering from injury, and may not be able to
perform a land-based injury prevention program, but requires further research. The aquatic-based
injury prevention program may be an effective first step or alternative for individuals who need
to improve their landing technique in a general female, recreationally active, non-injured
population. Padua et al.135 found the duration of an injury prevention program is positively
related to the retention of landing technique improvements in youth athletes. The authors
attributed this finding to overlearning, or the continued practice of a motor skill after achieving a
high level of performance with the skill is necessary for retention. Exposing individuals to injury
prevention programs which emphasize normal joint loading early in the rehabilitation process
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may allow for an increased duration of exposure and consequently improve long-term outcomes
related to landing technique and re-injury risk.
Previous research has identified that the effects of a neuromuscular injury prevention
program are dependent on the baseline level of participants, or room to improve.30,138 Therefore,
participants were included in our study if they scored greater than a four on the LESS-RT
assessment tool indicating poor landing technique. Our results coincide with DiStefano et al.30
which demonstrated significant improvement in LESS scores in individuals with a poor baseline
performance on the jump-landing task.30 These findings suggest that individuals with the most
room to improve, and theoretically the greatest need to improve to reduce injury risk can
improve as a result of this aquatic-based injury prevention program. While this study cannot
directly compare the effects of the aquatic-based injury prevention program to a land-based
program, the magnitude of improvements observed in LESS scores and VGRF appear to be
equivalent or greater than previous research.30,49,85,100,101
High landing forces are associated with lower extremity injury risk.28,46 Padua et al.22
reported a positive relationship between poor landing technique observed by the LESS and
landing and joint forces. Therefore, the reduction in landing forces we observed in this study
appears to be related to the overall improvements in landing technique. Participants reduced
VGRF by half after the aquatic-based injury prevention program, which is greater than previous
literature utilizing land-based injury prevention programs.51,100,101 Additionally, the participants
increased the time to reach the peak VGRF after completing the program on one limb.
Comparing the time to reach the peak VGRF between limbs during post suggests this increase
unilaterally may be a result of participants landing more symmetrically (Figure 4). A study by
Myer et al.139 found increased lower extremity symmetry decreased injury rates following an
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ACL reconstructive surgery. Our findings of symmetrical landing on both limbs coincide with
this literature, in a non-injured population, assisting in supplementary reduction of injury risk
following the aquatic-based injury prevention program. These findings support the evidence that
VGRF can be reduced by proper landing technique instruction and feedback.
The aquatic-based IPP was generalized to the “high risk” population by providing
feedback to correct multiple movement “errors”, such as landing with limited flexion and
excessive frontal or transverse plane motion. Previous research has identified various
components of the LESS to have been modified greater than other components, such as knee
rotation.140 Participants in the present study presented with high baseline LESS scores, or poor
landing technique, due to a variety of different errors (e.g. medial knee displacement, weight
shift, limited sagittal plane motion). Analysis of the LESS independent components did not
identify a single movement error to be primarily responsible for the overall improvement in
landing technique. These generalized results indicate this program may be ideal for a universal
college-aged recreationally active female population who are classified as “high-risk” and not
specific to one single biomechanical error, such as landing with limited knee flexion alone.
However, although we did see an overall decrease in LESS scores, there were no participants
who fully corrected all of their errors from pre- to post- test. These errors could be addressed
with continued participation in injury prevention efforts from either aquatic- or land-based
programs.
Qualitative Findings
Although previous injury prevention studies have shown success with reducing injury
rates and improving landing technique, adoption and compliance of these programs is poor.141,142
Therefore, we evaluated the attractors to lead to increased adoption and compliance rates. An
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interesting finding from this study was that 100% of our participants believed that their landing
technique changed in a positive aspect following the injury prevention program. Of the 15
participants, 12 demonstrated decreased LESS scores and improved landing technique. It is
possible their positive attitude or positive perception towards their own landing technique
assisted with the improvement in scores. The ability to have this positive attitude or perception
may have led to increased confidence allowing for a greater adoption of this program. In
addition, this finding can be associated with the use of imagery in rehabilitation programs and
thus correlates with the findings of Prentice and Walsh.109,110 Additionally, Martin et al.108
discovered an applied model of mental imagery suggesting positive outcomes, such as
confidence, are achievable through the use of sport-specific imagery in rehabilitation settings.
The ability to positively imagine yourself improving your landing technique, may be an
associated factor in explaining why our participants were able to attain positive results. However,
the additional use of goal setting, positive self-talk, and relaxation may enhance compliance
further. Additionally, our participants found our study to be enjoyable and fun. We sustained
100% compliance of our program with all 15 of our participants. Although our participants were
compensated for their time, the results demonstrate that when an injury prevention program is
performed in an enjoyable environment for the participant, they may be more likely to comply
with the program in its entirety.
A limitation of previous research on the effectiveness of injury prevention programs is
poor compliance and adherence to program.106,107 Soligard et al.106 found that athletes with the
highest rate of compliance had the corresponding lowest rate of injury. The results from our
study suggests that in order to improve adherence with an injury prevention program, both
interest in preventing lower extremity injuries and being enjoyably must be present. While our
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participants had a variety of reasons for joining our study, the majority stated that one of their
main reasons for participating in our study was because preventing injuries and learning about
landing technique was interesting to them. Interestingly, it was observed only two participants
cited an attractor to the study was that it was in an aquatic environment. This suggests that
individuals are not attracted to this study because of the aquatic environment. Our participants all
stated to be involved in athletics or physical activity in some aspect, therefore resulting in a
desire to prevent injuries. While we acknowledge a vast difference between the physiological
demands of recreationally active versus competitive college athlete’s, we assume a translation
between the two types of athlete’s in their aspiration to prevent potentially season or career
ending injuries.
Future Research & Limitations
This study was a preliminary study in evaluating the use of an aquatic-based injury
prevention program on injury risk reduction. Without a pure control group, we acknowledge the
results observed may have been influenced by a learning effect over time and we encourage
further research to evaluate aquatic-based injury prevention programs. However, previous
research demonstrates that LESS scores and VGRF are relatively stable over time, which
suggests the current findings are likely a result from the program and not from a learning effect
alone.30,95,96 Since we only studied the program in a healthy population, we can only hypothesize
that equivalent results are likely in an injured population. Future research should evaluate the
effects of incorporating an aquatic-based injury prevention program into rehabilitation in a
population of individuals after an injury.
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Conclusion
Overall, our aquatic based injury prevention program demonstrated improvements in
overall jump-landing technique and in vertical ground reaction forces. Female recreationally
active individuals were able to perform an aquatic injury prevention program three times a week
for six weeks, which may reduce their injury risk. These results are promising for individuals who
are not able to perform land-based exercise injury prevention programs, but may want to start
movement training early to encourage true motor learning. Motor learning is considered to occur
when skills are effectively transferred to other tasks or environments, and retained over time. We
are encouraged by these findings as participants in this study learned how to land appropriately in
an aquatic environment and were able to transfer this learned technique to a land environment.
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Appendix
Figure 7 – LESS RT
ID#: _______________ Date: ____________ Rater: ___________ Station: ______ □ Force Plate
Landing Error Scoring System Real-Time: LESS-RT3
Frontal Plane View (2-3 Trials)
1.

Stance Width:

No Error
□ Shoulder Width

Errors
□ Wide

2.

Maximum Foot Rotation Position:

□ Toes Forward

3.

Asymmetrical Foot Contact: Timing:

□ Symmetrical

4.

Frontal Plane Shank Position at Initial Contact:

5.

Frontal Plane Thigh Position at Initial Contact:

□ Left
□ Right
foot to contact ground first
□ Vertical (over foot) □ ABDucted (valgus) □ ADDucted (varus)
knee medial to foot knee lateral to foot
□ Vertical
□ ADDucted

6.

Maximum Medial Knee Position:

□ None

□ > Medial Malleolus

7.

Lateral Trunk Flexion:

□ Vertical

□ Left

8.

Asymmetrical Loading / Pelvis:

□ Narrow
□ Toes ER > 30-deg □ Toes IR > 30 deg

□ Right
trunk laterally flexed to one side
□ Symmetrical
□ Left
□ Right
weight shifted OR pelvis side tilted down to one side more than other

Sagittal Plane View (2-3 Trials)
9. Ankle Plantar-Flexion Angle at Initial Contact:

□ Symmetrical

10. Heel to Toe Landing

□ Toe to Heel Landing

11. Knee Flexion Displacement:

□ > 45-deg

12. Excessive Trunk /Hip Flexion Displacement:

□ Parallel with shank □ > Parallel with shank

13. Total Sagittal Plane Displacement:

□ Soft

□ Average

□ Stiff (2)

14. Overall Impression:

□ Excellent

□ Average

□ Poor (2)

□ Left
□ Right
foot to contact with heel first
□ Heel to Toe Landing

□ < 45-deg

Total Number of
Errors: _____________
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Figure 8 – LESS (adapted from Padua et al.44)
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Figure 9 – Aquatic ACL Injury Prevention Program
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Figure 9 continued
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